, a quasi-one-dimensional (quasi-1-D) compressible-flow theory in the presence of blowing/suction was reported for shock management inside diverging flow passages with supersonic flow at the inlet. The theory can predict the amount of flow blowing/suction required to place the shock at a prescribed area ratio in a diverging duct as the exit pressure is varied. Since the theory is quasi 1-D, it assumes that the flow properties are uniform at every cross section inside the nozzle, implying that the theory is limited to flow passage with small angle. For a nozzle with a fixed exit to inlet critical area ratio, as the nozzle angle increases, two-dimensional (2-D) effects become important and flow properties become nonuniform at any cross section. This can be seen in Fig. 1 , which shows the Mach number contours and the distribution of the passageaverage Mach numbers for inviscid flow in a 2-D nozzle with an exit to inlet critical area ratio (A e =A i ) of 1.5 and an exit pressure to inlet stagnation pressure ratio (p e =P 0i ) of 0.7. Here, the nozzle angle is varied from 1.5 to 10 deg, which is typical in practical supersonic nozzle and cascade applications. We also note that blade curvature is relatively small in the tip section of a transonic/supersonic rotor where the incoming relative flow is supersonic. The Mach number contours in Fig. 1 show that, as the nozzle angle increases, the flow properties become nonuniform at any cross section and the shape of the shock changes from normal to curved, although the mean axial position of the shock is relatively fixed. This is also shown in the passage-average Mach number curves, which exhibit this feature in the form of a smeared shock ( 10 deg). Hence, we expect the one-dimensional (1-D) flow assumption is valid for these applications.
In the first part of this study, we will use computational fluid dynamics (CFD) to demonstrate the application of the quasi-1-D theory presented in Part 1 [1] to 2-D supersonic nozzles and supersonic cascades, assuming inviscid flows. Results for nozzle angles of 1.5, 5, and 10 deg will be presented, together with results for the cascade of NASA rotor 37 at the span station 95% from the hub. Here, the inviscid-flow assumption will eliminate the uncertainties inherited to viscous modeling (e.g., blockage, shock boundary-layer interaction, and uncertainties related to turbulence models). In the second part of this study, applications of the quasi-1-D theory to viscous flows inside a 2-D supersonic nozzle with a 5 deg angle and the cascade of NASA rotor 37 at the span station 95% from the hub are presented. For these cases, flow blockage due to boundary layers is corrected in the method by subtracting the boundary-layer displacement thickness from the geometric flow area to arrive at the effective flow area. This corrected area is then used in the quasi-1-D theory to find the amount of blowing/suction required to fix the shock inside the flow passage.
II. Computational Fluid Dynamics Model
As mentioned earlier, CFD is used to demonstrate the usefulness of the quasi-1-D theory presented in Part 1 [1] . Two-dimensional CFD results presented in the paper are carried out using the commercial CFD code Fluent [2] . The density-based coupled solver is used, and all equations are solved using the second-order upwind scheme. The convergence criterion is set to 10 6 for all residuals. For the viscous calculations, the Spalart-Allmaras turbulence model [3] is used.
The computational domain and boundary conditions are shown in Fig. 2a for the nozzle and in Fig. 2b for the cascade. For the nozzle, since the flow at the inlet is supersonic, all flow conditions are specified. For the cascade, the moving reference frame is used in which the rotational velocity of the cascade is defined, along with the inlet stagnation pressure, stagnation temperature, and absolute flow angle. Here, the absolute flow at the inlet is subsonic while the relative flow is supersonic. For both nozzle and cascade, the static pressure is prescribed at the exit station.
Studies presented by Sarimurat [4] and Iaccarino et al. [5] show that both flow blowing and suction can be simulated as boundary conditions without the use of a slot or a cavity. These studies show that flow blowing and suction can be modeled with good accuracy as flush boundary conditions on the surface. For the case of blowing, the mass flow inlet boundary condition available in Fluent is used in which the mass flow rate, the blowing angle, and the stagnation temperature of the blowing flow are defined, and the flow area is adjusted until the desired stagnation pressure of the blowing flow is obtained. Especially for the case of blowing into a supersonic stream, this boundary condition is found to be more stable and converges better than the pressure inlet boundary condition in which the stagnation conditions and the blowing angle are defined and the flow area is adjusted until the desired mass flow rate is obtained. For the case of suction, the pressure outlet boundary condition available in Fluent is used in which the static pressure on the boundary is defined and the flow area is adjusted until the target mass flow rate is obtained.
The meshes used for viscous calculations are shown in Fig. 3 for a 2-D nozzle and in Fig. 4 for a cascade. For the nozzle, a structured H mesh is used everywhere. For the cascade, a hybrid grid with a structured O mesh around the blade surfaces and an unstructured mesh everywhere else is used. For both the nozzle and the cascade, the mesh is clustered around the walls so that y is less than unity. A mesh-independent solution is obtained with 30,000 cells for the nozzle and 35,000 cells for the cascade.
Figures 3 and 4 also show the meshes on the flush boundary used to model flow blowing/suction (only the case with blowing/suction applied behind the shock is shown here). The sensitivity of the solution to the number of cells in the blowing/suction hole was performed, and it was found that at least eight cells are required to have a mesh-independent solution. In addition, mesh clustering is applied close to the blowing/suction location to accurately capture the interaction with the main flow.
For the inviscid-flow calculations, meshing techniques similar to the viscous case are used. However, in the absence of boundary layers, mesh clustering near the walls is not needed, and the number of cells is significantly smaller. For both the nozzle and the cascade, a mesh-independent solution is obtained with around 7000 cells for the inviscid-flow cases.
III. Applications of Quasi One-Dimensional Theory to Two-Dimensional Inviscid Flows
In this section, we will present applications of the quasi-1-D theory to 2-D supersonic nozzles and supersonic cascades in inviscid flows. As mentioned in the previous section, the inviscid-flow assumption will eliminate the uncertainties caused by viscous modeling and will make it easier to assess the validity of the theory for 2-D flows. All the ig. 1 Effect of nozzle angle on shock structure in a 2-D nozzle. 
A. Applications to Two-Dimensional Supersonic Nozzles
For application of the quasi-1-D theory to inviscid flow inside a 2-D supersonic nozzle, we stay with the same nozzle geometry used in Part 1 [1] , which has an exit to inlet critical area ratio (A e =A i ) of 1.5. We again select the case with the exit pressure ratio (p e =P 0i ) of 0.7, resulting in the presence of a normal shock located at A s =A i 1:35 as the baseline. Recall that, for this case, the Mach number in front of the shock is 1.71. The following steps are applied to demonstrate the application of the quasi-1-D theory to this 2-D nozzle:
1) The exit pressure is perturbed about the baseline value. Recall that, without blowing/suction, increasing the exit pressure will cause the shock to move upstream, while decreasing the exit pressure will cause the shock to move downstream.
2) For the new exit pressure, the theory is used to find the amount of blowing/suction required to hold the shock stationary at A S =A i 1:35. When the theory is used, if suction is applied, it is assumed that a flow with exactly the same conditions as the local flow is removed in the direction of the main flow. On the other hand, if blowing is applied, the stagnation conditions and the angle of the blown flow are prescribed. When blowing or suction is applied in front of the shock in the supersonic region, its location (A BS =A i ) is selected to be 1.1, and when blowing or suction is applied behind the shock in the subsonic region, its location is selected to be A BS =A i 1:4.
3) For nozzle angles of 1.5, 5, and 10 deg, the amount of blowing/ suction obtained from the quasi-1-D theory is applied to the 2-D nozzle, which is modeled in CFD, and the location of the shock inside the nozzle is monitored and compared against the baseline case.
When the 2-D nozzle is modeled in CFD, the flow entering the nozzle is supersonic with a Mach number of 1.1. All flow properties at the inlet together with the static pressure at the exit are prescribed. For the studies to be presented in this section, when the theory is used to find the amount of blowing required to hold the shock stationary, blowing is assumed to be applied in the direction of the main flow. To be consistent with this assumption when 2-D CFD calculations are performed, the blowing angle is taken to be small, on the order of 2 deg or less.
Suction Behind Shock
We first look at the case where the exit pressure is increased from the base value of 0.7 to 0.735. Classical 1-D shock theory shows that, for the exit pressure of 0.735, the shock stands at the location where the area ratio is 1.29. The quasi-1-D theory developed in Part 1 [1] shows that, if suction is applied behind the shock in the subsonic region, then 10% of the incoming flow must be removed to hold the shock fixed at A S =A i 1:35 as the exit pressure is increased to 0.735.
In Fig. 5 , for the nozzle angles of 1.5, 5, and 10 deg, passageaverage Mach number distributions obtained from CFD for the case where the exit pressure is 0.735 with no blowing/suction and the case where the exit pressure is 0.735 and 10% suction is applied behind the shock are compared against the baseline case. Recall that the smearing out of the shock discontinuity is simply due to the fact that a passage-average Mach number has such a characteristic if the passage shock is curved (see earlier discussion in Fig. 1 ). The figure shows that, for the exit pressure of 0.735, applying 10% suction behind the shock does the job of keeping the shock at the area ratio of 1.35 for all three nozzle angles, and flow suction behind the shock in the subsonic region does not modify the shock shape/structure. We note that capital letters "BS" are used in Fig. 5 , and throughout the paper in other figures as needed, to represent blowing/suction.
Blowing Behind Shock with Same Stagnation Conditions as Local Flow
We next look at the case where the exit pressure is decreased from the base value of 0.7 to 0.653. Classical 1-D shock theory shows that, for the exit pressure of 0.653, the shock wave moves to the location where the area ratio is 1.43. The quasi-1-D theory developed in Part 1 [1] shows that, for a backpressure of 0.653, if blowing is applied behind the shock, then 10% of the incoming flow with the same stagnation conditions as the local flow is required to hold the shock fixed at A S =A i 1:35. Again for the nozzle angles of 1.5, 5, and 10 deg, passage-average Mach number distributions obtained from CFD for the case where the exit pressure is 0.653 with no blowing/suction and the case where the exit pressure is 0.653 and l0% flow injection applied behind the shock with the same stagnation conditions as the local flow are compared against the baseline case in Fig. 6 . As seen from the figure, independent of the nozzle angles, applying 10% blowing behind the shock is needed to keep the shock at the area ratio of 1.35 for the exit pressure of 0.653. Similar to the suction behind the shock, blowing behind the shock does not modify the shape and structure of the shock wave.
Suction in Front of Shock
In this section, we look at the case where the exit pressure is decreased from the baseline value of 0.7 to 0.66. Classical 1-D shock theory shows that, at the exit pressure of 0.66, the shock stands at the location where the area ratio is 1.42. The theory developed in Part 1 [1] indicates that, for the exit pressure of 0.66, if suction is applied in front of the shock in the supersonic region, then 10% of the incoming flow must be removed to hold the shock fixed at A S =A i 1:35. For the three nozzle angles studied here, passage-average Mach number distributions obtained from CFD for the case where the exit pressure is 0.66 with no blowing/suction and for the case where the exit pressure is 0.66 and 10% suction applied in front of the shock are compared with the baseline case in Fig. 7 . As seen in the figure, for the exit pressure of 0.66, applying 10% suction in front of the shock is able to keep the shock at the area ratio of 1.35 for the nozzle angle of 1.5 deg. However, as the nozzle angle increases, although suction moves the shock upstream toward to the location where the area ratio is 1.35, the agreement between the quasi-1-D theory and the 2-D CFD simulation is not as exact. This is because, as the flow is removed from the mainstream in the supersonic region, there is an interaction between the suction flow and the main flow, which generates expansion waves and oblique shocks upstream of the main passage shock (Fig. 8) . The interaction between the main flow and the suction flow, and hence the strength of the expansion and the shock waves, increases with increasing nozzle angle. Clearly, the theory presented in Part 1 [1] is 1-D and cannot account for this 2-D flow feature. However, the results are quite good with respect to the ability of the quasi-1-D theory to correctly predict the amount of suction required to keep the passage shock at the desired area ratio. Baseline -----p e /P 0i =0.653 without BS • p e /P 0i =0.653 with 10% blowing Baseline -----p e /P 0i =0.66 without BS • p e /P 0i =0.66 with 10% suction 
Blowing in Front of Shock with Same Stagnation Conditions as Local Flow
Finally, we consider the case where the exit pressure is increased from the base value of 0.7 to 0.731. Classical 1-D shock theory shows that, for the exit pressure of 0.731, the shock is positioned at the location where the area ratio is A S =A i 1:3. The theory developed in Part 1 [1] shows that, for the exit pressure of 0.731, when blowing is applied in front of the shock in the supersonic region, 10% of the incoming flow with the same stagnation condition as the local flow is required to hold the shock fixed at A S =A i 1:35. For the nozzle angles of 1.5, 5, and 10 deg, Mach number distributions obtained from CFD for the case where the exit pressure is 0.731 with no blowing/suction and the case where the exit pressure is 0.731 and 10% flow injection applied in front of the passage shock with the same stagnation conditions as the local flow are compared against the baseline case in Fig. 9 . The figure shows that, for the nozzle angle of 1.5 deg, applying 10% blowing in front of the shock is able to keep the shock at the area ratio of 1.35 when the exit pressure is 0.731. However, similar to the suction case in front of the shock, as the nozzle angle increases, the results between the quasi-1-D theory and CFD are slightly off. Again, this is due to the presence of oblique shocks and expansion waves in the supersonic region as a result of the interaction between the incoming supersonic flow and the blown flow (Fig. 10) , which depends on the nozzle angle and cannot be predicted by the quasi-1-D theory. However, the results are again quite good with respect to the ability of the quasi-1-D theory to correctly predict the amount of blowing required to keep the passage shock at the desired area ratio.
B. Effect of Varying Stagnation Conditions of Blowing Flow for Two-Dimensional Supersonic Nozzles
In the previous section, when blowing is applied, the stagnation conditions of the blown flow are taken to be the local stagnation conditions upstream of the blowing station. Recall that the quasi-1-D theory developed in Part 1 [1] shows that the amount of blowing required to keep the shock stationary is a strong function of the flow conditions of the blown flow. Consider again the baseline case with exit pressure of 0.7. Table 1 summarizes the required blowing flows at different sets of stagnation conditions to keep the shock at the same location as the exit pressure is varied, as predicted by the quasi-1-D theory. In this section, for the nozzle angles of 1.5, 5, and 10 deg, we will investigate whether the 2-D CFD calculations agree with the theory on this dependency.
Blowing Behind Shock
As shown in Table 1 , when blowing is applied behind the shock, if the exit pressure is decreased from 0.7 to 0.653 and the stagnation conditions of the blown flow are selected to be same as the stagnation conditions of the local flow, 10% of the incoming flow is required to keep the shock stationary at A S =A i 1:35. For the same case, if the stagnation conditions of the blown flow are chosen to be different from the local stagnation conditions, then the quasi-1-D theory predicts the followings: 1) If the stagnation pressure of the blown flow is kept the same as the stagnation pressure of the local flow and the stagnation temperature is chosen to be 1.5 times the stagnation temperature of the local flow, then 8% of the incoming flow is required to fix the shock location at A S =A i 1:35. The passage-average Mach number distributions for this case and for the case where the exit pressure is 0.653 but with no blowing/suction are compared against the baseline case in Fig. 11 for nozzle angles of 1.5, 5, and 10 deg. As seen from the figure, independent of the nozzle angle, 8% blowing behind the shock is able to keep the shock stationary at Baseline -----p e /P 0i =0.731 without BS • p e /P 0i =0.731 with 10% blowing 2) If the stagnation temperature of the blown flow is kept the same as the stagnation temperature of the local flow and the stagnation pressure is chosen to be 1.5 times the stagnation pressure of the local flow, then 23% of the incoming flow is required to fix the shock location at A S =A i 1:35. Note that this is significantly higher than the case with the blown flow having the same stagnation conditions as the local flow. The passage-average Mach number distributions for this case and for the case where the exit pressure is 0.653 but with no blowing/suction are compared against the baseline case in Fig. 12 , again for nozzle angles of 1.5, 5, and 10 deg. The figure shows that 23% blowing behind the shock is able to keep the shock stationary at A S =A i 1:35, and the solution is again independent of the nozzle angle.
Blowing in Front of Shock
The results in Table 1 Baseline -----p e /P 0i =0.653 without BS • p e /P 0i =0.653 with 8% blowing 
C. Applications to Supersonic Cascades
As mentioned in Part 1 [1] , in the rotor section of transonic/ supersonic compressors where the relative inlet Mach number is higher than unity, the passage shock typically resides in the blade passage in the operating range. The operating range of these compressors is usually small (especially for highly loaded blades) and depends strongly on the location of this passage shock. A small disturbance in upstream or downstream flow conditions can cause the shock to move out of the blade passage and can stall the compressor. Recently, there is interest in the compressor industry to widen the operating range of these highly loaded transonic/supersonic fans/ compressors, and a potential solution is to use flow suction. Earlier experimental and computational studies have shown that, in transonic/supersonic compressors, as the backpressure is increased, the passage shock can be held inside the blade passage by removing a small amount of flow behind the shock, on the order 2-3% of the compressor flow rate [6] [7] [8] .
In this section, we will use CFD to investigate whether the presented quasi-1-D theory can correctly predict the amount of blowing/suction required to fix the shock location in supersonic cascades. Examples are presented for a 2-D blade section taken from NASA rotor 37 at the span station 95% from the hub, where the inlet relative flow is supersonic. NASA rotor 37 is a low-aspect-ratio transonic rotor that was originally designed and tested at NASA Lewis Research Center in the late 1970s. Details of the aerodynamic design and performance of the rotor were reported by Reid and Moore [9] .
We first start by finding the operating range of this cascaded blade in the inviscid-flow limit, which is shown in Fig. 15 . The cascade solidity (c=s) is 1.3, and the stagger angle () is 61.7 deg. The cascade is simulated using the commercial CFD code Fluent [2] . Boundary conditions for CFD simulation were previously shown in Fig. 2b . To find the operating range of the cascade, the rotational velocity of the cascade is fixed, along with the inlet stagnation pressure, stagnation temperature, and absolute flow angle, and the backpressure is varied. For the inviscid results to be presented in this section, the stagnation pressure and the stagnation temperature at the inlet station are taken to be P 0i 101; 400 Pa and T 0i 288:2 K, and the absolute flow angle is set at 0 deg. A moving reference frame is used with a wheel speed of 448:8 m=s. Baseline -----p e /P 0i =0.731 without BS • p e /P 0i =0.731 with 6.7% blowing assume that the desired operating range for this cascade is when the shock resides in the flow passage. As can be seen from these contour plots, the operating range of this cascade is approximately between (p Back =P 0i ) values of 1.84 (shock spillout condition) and 1.77 (choking condition).
Recall that the quasi-1-D theory is developed in the stationary frame, and it requires knowledge of the nozzle exit to inlet critical area ratio, the nozzle exit static pressure, and the nozzle inlet flow conditions, together with the flow conditions of the blowing flow (if blowing is used). For the present rotating cascade, we need to work in the relative frame. Also, for the converging/diverging flow passage of NASA rotor 37 cascade plotted in Fig. 18 (shaded zone) , when we apply the quasi-1-D theory, we assume that the stagnation conditions upstream of the passage shock are the same as the inlet stagnation conditions, and the static pressure at the exit of this section is the same as the backpressure. In reality, the stagnation pressure upstream of the passage shock is lower than the inlet stagnation pressure due to the presence of the oblique shock at the blade leading edge (see contour plot in Fig. 17) , and the static pressure at the exit station can also be slightly different than the backpressure. However, these differences are small in most applications and have been shown not to have significant effects on the results [4] . This is important as it demonstrates that the quasi-1-D theory can be applied without prior knowledge of the detailed flowfield inside a typical supersonic cascade.
To apply the quasi-1-D theory to control the passage shock position as the backpressure is varied, we first compute the area ratio of the cascade flow passage. As shown in Fig. 18 , this can be approximated by plotting the perpendicular distance between the suction surface of one blade and the pressure surface of the neighboring blade forming the flow passage, with the critical area calculated based on the inlet relative conditions of the cascade. The resulting area ratio distribution (A=A i ) can be found and is plotted in Fig. 18 .
As shown in Fig. 17 , for the backpressure (p Back =P 0i ) of 1.82, the shock resides inside the blade passage at an axial location of x=c 0:3. Note that this shock position is downstream of the minimum area in the diverging section, and hence it is a stable shock position. We will select this case as the baseline case, which has an inlet relative Mach number of 1.59. Figure 17 shows that, as the backpressure is increased from the baseline value of 1.82 to 1.84, the shock moves forward to the location where x=c 0:21, again in the diverging section. We want to use the quasi-1-D theory developed in Part 1 [1] to determine the amount of the blowing/suction required to pull the shock back to the baseline location, i.e., x=c 0:3.
For the examples to be presented in this section, if blowing is applied, the conditions of the blowing flow will be prescribed. If suction is applied, the flow is assumed to have the same stagnation conditions as the local flow. Both blowing and suction will be applied in the direction of the main flow. Under these conditions for the blowing/suction flows, the quasi-1-D theory yields the following results. If the blowing/suction location is selected to be behind the shock, then the quasi-1-D theory predicts 1.1% suction to be applied to keep the shock fixed at x=c 0:3 as the backpressure is increased from 1.82 to 1.84. If the blowing/suction location is selected to be in front of the shock, then the quasi-1-D theory predicts that blowing is required to fix the shock location, and the amount of blowing is a function of the stagnation conditions of the blowing flow. If the stagnation pressure of the blowing flow is selected to be 1.5 times the stagnation pressure of the local flow and the stagnation temperature of the blowing flow is selected to be 1.3 times the stagnation temperature of the local flow, then the amount of the blowing required to fix the shock location is 3%. We will now check these predictions against 2-D CFD results.
Suction Behind shock
We take the cascade with a backpressure of 1.84 and apply 1.1% suction behind the shock. The isentropic relative Mach number distribution on the blade surface is plotted in Fig. 19a for this case, together with the cases where the backpressures are 1.82 and 1.84 but with no blowing/suction. The figure shows that, as the backpressure is increased from 1.82 to 1.84, the shock on the pressure surface of the blade moves from the axial location (x=c) of 0.3 to 0.21. However, for the case where the backpressure is 1.84, if 1.1% suction is applied behind the shock, the shock moves back to the location where x=c 0:3, which confirms that the quasi-1-D theory accurately predicts the amount of flow suction.
Blowing in Front of shock
We again take the case where the backpressure is 1.84, but this time, we apply 3% flow blowing in front of the shock. In the relative frame, the stagnation pressure of the blowing flow is selected to be 1.5 times the stagnation pressure of the local flow and the stagnation temperature of the blowing flow is selected to be 1.3 times the stagnation temperature of the local flow. Figure 19b shows the isentropic relative Mach number distribution on the blade surface for this case, together with the cases where the backpressures are 1.84 and 1.82 but with no blowing/suction. The figure shows that, with 3% blowing in front of the shock, we are able to keep the shock at the desired location of x=c 0:3 as the backpressure is increased from 1.82 to 1.84. For this case, although blowing is applied in front of the shock in the supersonic region, which results in a complex 2-D flow pattern with oblique shocks and expansion fans, the agreement between the quasi-1-D theory and 2-D CFD results is shown to be better than earlier results with the 2-D nozzle. This is because, for the NASA rotor 37 cascade, both the amount of flow blowing and the nozzle angle are small, and hence the flow interaction between the blowing flow and the main supersonic flow is weaker.
Next, a case with a backpressure high enough to cause shock spill out is considered, and blowing/suction is used to maintain the shock in the blade passage. As can be seen in Fig. 17 , if the backpressure is p Back =P 0i 1:85, then the passage shock will spill out. At this backpressure, in order to keep the shock inside the passage at the same location as the baseline case, i.e., x=c 0:3, the quasi-1-D theory states that 1.5% suction needs to be applied behind the shock, or 4.1% flow with P 0BS;rel =P 0BS1;rel 1:5 and T 0BS;rel =T 0BS1;rel 1:3 needs to be blown in front of the shock. Again, we will now check the validity of the theoretical predictions against 2-D CFD simulation results.
In Fig. 20a , the isentropic relative Mach number distributions on the blade surface obtained from 2-D CFD results for the baseline case are plotted against the case where the backpressure is p Back =P 0i 1:85 and 1.5% suction applied behind the shock. The case without blowing/suction at the backpressure of p Back =P 0i 1:85 is not shown in the figure since the shock is spilled out for this case, resulting in convergence difficulties. The figure shows that, for the backpressure of 1.85, removal of 1.5% flow behind the shock is capable of moving the shock back into the passage at the location of the baseline case. Figure 20b shows 2-D CFD results for the baseline case together with the results for the case where the backpressure is 1.85 and the case where 4.1% flow with P 0BS;rel =P 0BS1;rel 1:5 and T 0BS;rel =T 0BS1;rel 1:3 injected in front of the shock. Again, results for the case without blowing/suction at the backpressure of 1.85 are not shown on the figure. As it is seen in the figure, although the amount of blowing applied to fix the shock location is relatively high, the agreement between the theory and 2-D CFD results is still good. This again can be explained by the fact that the nozzle angle is small, and hence the interaction between the main supersonic flow and the blowing flow is weak. 
IV. Extension of Quasi One-Dimensional Theory to Two-Dimensional Viscous Flows
In this section, we apply the quasi-1-D model presented in Part 1 [1] to viscous flows inside 2-D supersonic nozzles and supersonic cascades. At a given backpressure, recall that the quasi-1-D theory can predict the amount of flow blowing/suction required to place the shock at a prescribed location inside a diverging flow passage if the area ratio of the flow passage is known. One method of accounting for viscous effects is to correct for viscous blockage due to boundary layers in the expression for the area distribution of the flowpath. This blockage can then be subtracted from the geometric flow area to find the effective flow area to be used in the quasi-1-D theory. A method of calculating this effective flow area is to use a viscous-inviscid analysis method to estimate the boundary-layer displacement thickness (e.g., Drela and Giles [10] ). We note that developing such a method is outside the scope of this paper. Hence, we now present examples to demonstrate the applicability of the quasi-1-D theory for 2-D viscous flows using the following approach: 1) Run viscous CFD simulation for the baseline case.
2) Change the backpressure and run viscous CFD simulations with flow blowing/suction. In this step, the amount of blowing/suction is adjusted through trial and error until the shock moves back to the baseline location. The effective flow area is obtained by subtracting the boundary-layer displacement thickness from the geometric flow area.
3) Use this effective flow area and calculate the amount of blowing/suction using the quasi-1-D theory presented in Part 1 [1] . Compare the amount of blowing/suction applied in the CFD simulation (step 2) against the prediction by the quasi-1-D theory and see if they agree.
We now present two examples to validate the quasi-1-D theory for viscous flows. One example is for a nozzle with a nozzle angle of 5 deg and the other is for the NASA rotor 37 cascade at the span station 95% from the hub discussed earlier. For the nozzle, cases with suction behind the shock and blowing in front of the shock will be shown. For the cascade, suction behind the shock will be presented. As mentioned earlier, all viscous CFD simulations are performed using the Spalart-Allmaras turbulence model. This model is shown by Kusters and Schreiber [11] to perform well for internal compressible flows with shock waves. For the NASA rotor 37 cascade case, calculation of the boundary-layer displacement thickness from CFD results follows the method of Suder [12] . Denton has shown (in Cumpsty [13] ) that inclusion of a blockage effect due to blade surface and endwall boundary layers in a threedimensional (3-D) Euler calculation can correctly predict the complex 3-D shock structure and shock position for NASA rotor 33. moves to the location where x=l 0:24. Through trial and error, CFD simulations show that, at the backpressure of 0.84, suction behind the shock or blowing in front of the shock is required to move the shock back to the location x=l 0:32. As shown in Fig. 21 , for the case of suction, the amount of flow required is 3.7% of the main flow. For the case of blowing, on the other hand, the amount of blowing is a function of the stagnation conditions of the blowing flow. It is found that, if flow with the same stagnation conditions as the local flow is injected, the amount of flow blowing required to fix the shock location is high enough to choke the flow. However, as it is shown in Fig. 22 , if flow with P 0BS =P 0BS1 1:5 and T 0BS =T 0BS1 1 is injected, then the amount of blowing required is 4.2% of the main flow, which is less than the choking mass flow rate at the injection location. We note that, to minimize the interaction between the main flow and the blowing flow, it is important to select the blowing angle to be small, in the range of 5 deg or less. For the example presented here, the blowing angle is selected to be 4 deg. The results from CFD simulations with suction and blowing are then used to calculate the boundary-layer displacement thickness, and the effective flow area is calculated by subtracting the displacement thickness from the geometric flow area. A comparison of the geometric area together with the effective flow area is shown in Fig. 23 for the suction behind the shock case and in Fig. 24 for the blowing in front of the shock case.
For the case of suction, Fig. 23 indicates that the ratio of the effective nozzle exit area to the inlet critical area A e =A i eff is reduced to 1.45, and the ratio of the effective area at the shock location to the inlet critical area is A s =A i eff 1:1. Thus, to confirm the accuracy of the quasi-1-D theory, the following problem needs to be solved. For a nozzle with an exit to inlet critical area ratio of 1.45, how much suction is required to be applied behind the shock to keep the shock at the area ratio of 1.1 with a backpressure is 0.84? Using the model developed in Part 1 [1] , it is found that the amount of suction predicted by this quasi-1-D theory is 3.7% of the main flow, which is exactly same as the CFD predictions.
For the case of blowing, Fig. 24 shows that the ratio of the effective nozzle exit area to the inlet critical area A e =A i eff is 1.42, and the ratio of the effective area at the shock location to the inlet critical area is A s =A i eff 1:09. For a nozzle with an exit to inlet critical area ratio of 1.42 and a backpressure of 0.84, to keep the shock at the area ratio of 1.09, the quasi-1-D model predicts that 4.2% blowing flow with P 0BS =P 0BS1 1:5 and T 0BS =T 0BS1 1 must be injected in front of the shock, which again is exactly the same as the CFD prediction. Thus, the agreement between CFD results and the quasi-1-D theory is excellent for both suction behind and blowing in front of the shock cases.
B. Application to NASA Rotor 37 Cascade
We now present application of the quasi-1-D theory to viscous flow inside the cascade of NASA rotor 37 at the span station 95% from the hub using the same procedure as above. We select the case with a backpressure of 1.54 as the baseline case. Results from CFD simulations presented in Figs. 25 and 26 show that the shock stands on the pressure surface at the location x=c 0:25. These figures also show that, if the backpressure is increased to 1.75, the shock spills out of the blade passage. Applying suction for the case with a backpressure of 1.75, CFD results show that the shock position can be maintained at x=c 0:25 if 1.8% suction is applied behind the shock. Note that the relative Mach number in front of the shock is quite high at around 1.6, resulting in shock-induced flow separation.
To demonstrate the accuracy of the quasi-1-D theory for viscous flow inside this supersonic cascade, we again use CFD results to correct for the blockage effect due to blade-surface boundary layers in determining the effective area ratio of the flow passage. For the case where the backpressure is 1.75 and 1.8% suction applied behind the shock, the flow blockage is calculated using results from the CFD simulation and is plotted in Fig. 27a . The effective flow area obtained by subtracting the blockage from the geometric flow area is shown in Fig. 27b . Note a sudden increase in the displacement thickness at the passage shock location, corresponding to shock-induced flow separation. For the flow passage with the effective flow area shown in Fig. 27b , the quasi-1-D theory predicts 2% suction behind the shock is needed to keep the shock at the baseline location, which is 11% higher than the amount of suction predicted by CFD. The discrepancy between the quasi-1-D theory and the CFD result is largely due to the difficulty and uncertainty in the calculation of the boundary-layer displacement thickness for this complicated flowfield (see Suder [12] ), including the presence of shock-induced flow separation.
V. Conclusions
The quasi-one-dimensional (quasi-1-D) theory was developed to control the shock position inside a supersonic diverging flow passage via blowing/suction. The theory can predict the amount of flow blowing/suction required to place the shock at a prescribed area ratio as the backpressure is varied. In this study, computational fluid dynamics (CFD) is used to demonstrate the validity/usefulness of the quasi-1-D theory for shock management inside two-dimensional (2-D) supersonic nozzles and supersonic cascades. Results for a 2-D nozzle with an exit to inlet critical area ratio of 1.5 and nozzle angles of 1.5, 5, and 10 deg are presented, together with results for the cascade of NASA rotor 37 taken at the 95% span station from the hub. The amount of blowing and suction employed in these examples ranges from as low as 1.1% to as high as 23%.
The quasi-1-D theory is first applied to inviscid flows inside the 2-D nozzle and the NASA rotor 37 cascade. Excellent agreement between theory and CFD calculations with respect to the predicted amount of blowing and suction required to place the shock at the desired area-ratio location as the backpressure is varied, including cases where the flow is highly 2-D (e.g., 10 deg nozzle angle with flow blowing upstream of the shock, resulting in a complex 2-D flowfield with oblique shocks and expansion waves). Finally, it was shown that, for viscous flows, if the quasi-1-D theory is applied using the effective flow area corrected for flow blockage due to boundary layers, then the theory can accurately predict the amount of blowing/ suction required to fix the shock position. 
